Little is known about how mammalian cells modulate retrograde sterol transport for cellular cholesterol homeostasis. Results: ABCA1 deficiency impairs endocytic retrograde sterol transport to the endoplasmic reticulum and activates the SREBP-2 pathway. Conclusion: ABCA1 participates in bidirectional sterol movement at the plasma membrane to regulate cellular cholesterol homeostasis. Significance: A novel function of ABCA1 is identified.
Upon cholesterol supply, ER cholesterol down-regulates sterol regulatory element-binding protein-2 (SREBP-2) through binding to the SREBP cleavage-activating protein (Scap) to suppress cholesterol synthesis and low density lipoprotein (LDL) receptor (LDLR) expression (1) . The sterol removal is regulated by cholesterol release from the PM mainly to high density lipoprotein (HDL). It involves the ATP-binding cassette transporters, ABCA1 and ABCG1 (3); ABCA1 plays a predominant role in cholesterol efflux (5) . It mediates formation of new HDL particles at the PM with cellular cholesterol, phospholipid (PL), and ␣-helical apolipoproteins such as apolipoprotein A-I (apoA-I) (6, 7) . Excessive PM cholesterol is also esterified in the ER by acyl-CoA:cholesterol acyltransferase 1 (ACAT1) for storage (2) . Retrograde sterol transport from the PM to the ER is thus an important part of cellular cholesterol homeostasis; aside from its independence from Niemann-Pick C proteins (8, 9) , the mechanisms of this process are largely unknown. Specifically, the macromolecules located at the PM that modulate retrograde sterol transport have not been identified.
In whole body cholesterol homeostasis, sterol must be transported from peripheral cells to the liver for conversion to bile acids, and HDL plays a central role in this "reverse cholesterol transport." This is perhaps why plasma HDL levels inversely correlate with the incidence of cardiovascular disease. Loss-offunction mutations in ABCA1 cause HDL deficiency known as Tangier disease (TD) (3, 6) . ABCA1 deficiency in humans or animals exhibits a risk for premature atherosclerosis. TD patients display cholesterol deposition in various tissues, despite reduced plasma LDL levels (10) . In Abca1 Ϫ/Ϫ mice, free cholesterol accumulates in macrophages (11) . In addition, deletion of hepatic Abca1 in mice resulted in increases of LDLR expression and of LDL clearance in the liver (12) . In a mouse model of hypoxic advanced atherosclerotic plaques, ABCA1 expression and cell cholesterol release are decreased, but HMG-CoA reductase (HMGR) expression and sterol synthesis are increased, resulting in the accumulation of free sterol in macrophages (13) . These puzzling observations cannot be satisfactorily explained by the assumption that ABCA1 functions only in cellular sterol release, suggesting that ABCA1 may have additional functions.
ABCA1 is expressed in various tissues and cell types, including hepatocytes, macrophages, and fibroblasts. Since defective apoA-I-mediated cholesterol efflux was first described in fibroblasts isolated from TD patients (14) , fibroblasts are widely accepted as a model system to study ABCA1-dependent HDL formation. In this study, we examine cellular sterol trafficking and ER sterol sensing in Abca1 ϩ/ϩ and Abca1 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) and other mammalian cell models. We report an undisclosed, novel function of ABCA1 in regulation of cellular cholesterol homeostasis.
Experimental Procedures
Materials-ApoA-I was prepared as described previously (15, 16) . [ (17) . [ 3 H]Lanosterol was prepared and purified as described (18) . Dynasore was from Cayman Chemical. Dynole 34-2 and dynole 31-2 were from Abcam. Other chemical compounds were described previously (8) .
Cell Culture-MEFs from Abca1 ϩ/ϩ and Abca1 Ϫ/Ϫ mice were isolated as described previously (19) . MEFs isolated were expanded and stored as stocks at an early passage stage. MEFs less than 15 passages were used in experiments reported here. Wild-type (WT) and 25RA CHO cells were employed as described previously (16) . A mouse fibroblast cell line, BALB/ 3T3, was obtained from Riken Cell Bank. Baby hamster kidney (BHK) cells harboring WT-ABCA1 expression plasmid or empty plasmid were the kind gift of Dr. Oram (20) . BHK cells harboring ABCA1-MM were generated using the mifepristone-inducible GeneSwitch system (Invitrogen) as described previously (20) . Human ABCA1-MM cDNA was inserted into pGene/V5-HisA(blasticidin), in which the original Zeocin resistance gene was replaced by the blasticidin resistance gene. BHK cells harboring pSwitch plasmid (20) were transfected with pGene/V5-HisA(blasticidin)/ABCA1-MM; stable transfects were selected with hygromycin (350 g/ml) and blasticidin (5 g/ml). After the selection, a clone in which ABCA1-MM expression was highly induced by mifepristone was isolated. Mouse and hamster cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and in DMEM/F-12 (DF) supplemented with 7.5% FBS, respectively. All cells were grown in humidified CO 2 incubators at 37°C. Media used were designated as follows: medium A contains 10 or 7.5% FBS as described above; medium B contains 0.1% BSA; medium D contains 5% delipidated FBS; medium F contains no supplements. Incubation of MEFs in medium F for up to 24 h did not cause significant cell death, as demonstrated by flow cytometric measurement of the incorporation of 7-amino-actinomycin D (BD Biosciences) into cells (viability Ն97%).
Intracellular Sterol Transport Assays-Five different assays were employed to study retrograde transport of sterol from PM. Cells were seeded in 6-well plates at 2.5 ϫ 10 5 cells/well for MEFs or at 2.0 ϫ 10 5 cells/well for CHO and BHK cells and were treated as indicated in the figure legends before labeling. First, cells were pulse-labeled with [ 3 H]acetate for 1 h at 37°C and then chased in medium F for various times as indicated to monitor the conversion of precursor sterols to cholesterol by a method employed previously (8 Cellular lipids were separated by TLC; radioactivities in cholesterol and cholesteryl oleate fractions were counted. In certain experiments as indicated, agents were included in medium during the chase period. When using mifepristoneinduced ABCA1 expression system, cells were either treated or untreated with mifepristone and then used to perform the pulse/chase experiments; counts in [ 3 H]cholesteryl ester formed in untreated cells were subtracted from those formed in mifepristone-treated cells, to calculate ABCA1-dependent esterification. Fourth, ACAT1 activity in intact cells was monitored by feeding cells with [ 14 C]oleate for 3 h and determined the incorporation of [ 14 C]oleate into CE according to procedures described previously (16) . Fifth, intracellular transport of LDL-derived cholesterol (LDL-Chol) was monitored by using [ 3 H]cholesteryl oleate-containing LDL; cells were incubated with [ 3 H]cholesteryl oleate-containing LDL for 4 h at 18°C and chased in medium D at 37°C for various times. After the chase period, cells were treated with 4% methyl-␤-cyclodextrin (MCD) for 10 min at 4°C to determine PM-associated [ 3 H]cholesterol. LDL uptake was determined by measuring the sum of 3 
H counts present in cells and in medium.
Antibodies and Immunoblot-Rabbit anti-human ABCA1 antiserum was described previously (15) . The anti-ACAT1 rabbit polyclonal antibodies (DM102) were as described previously (21) . Hybridoma cells producing anti-HMG-CoA reductase (IgG-A9), anti-SREBP-1 (IgG-2A4), or anti-SREBP-2 (IgG-7D4) antibodies were obtained from ATCC, and supernatants of hybridoma cell cultured media were used for immunoblotting. Other antibodies were obtained from commercial sources as follows: anti-caveolin-1 polyclonal antibodies (N-20) and anti-Insig-1 polyclonal antibodies from Santa Cruz Biotechnology; monoclonal antibodies to flotillin-1 and calnexin from BD Biosciences; anti-SREBP-2 polyclonal antibodies from Cayman Chemical; anti-␤-actin monoclonal antibody (AC74) from Sigma; anti-transferrin receptor monoclonal antibody from Zymed Laboratories Inc.; and anti-p70 S6 kinase (numbers 2708 and 9206) and anti-4E-BP1 (numbers 9644 and 2855) monoclonal antibodies from Cell Signaling Technology. Whole cell lysate was prepared by lysing cells with urea buffer (8 M urea, 50 mM sodium phosphate, pH 8.0, 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.2% protease inhibitor mixture (Sigma)) as described previously (22) . To detect mouse SREBP-2, polyclonal anti-SREBP-2 antibodies from Cayman Chemical were employed. Protein concentration was determined by BCA protein assay (Pierce). Equal amounts of proteins were subjected to SDS-PAGE and immunoblot analysis. Expression of a protein was analyzed by using ImageJ software and was normalized to a loading control.
Cell Fractionation-Cells grown in 100-mm dishes were treated with 1% Triton X-100 (Sigma) in TNE buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA) containing protease inhibitor mixture (Sigma) for 30 min at 4°C. Afterward, cells were homogenized with a stainless homogenizer for 10 strokes. Post-nuclear supernatant was then subjected to density gradient centrifugation as described (22) . Eight 0.5-ml fractions were collected from the top. Lipids were extracted from equal amounts of each fraction by chloroform/methanol (2:1, v/v).
Small Interfering RNA (siRNA)-Small interfering RNA experiments were performed as described previously (23) . siRNA duplexes specific for mouse Abca1 (5Ј-AUUUCUUC-CUGUCAGAUUCUGAAGG-3Ј) or control (5Ј-UAGUGAA-GACAGUCACUCGGGAAGC-3Ј) were obtained from Invitrogen and transfected into BALB/3T3 mouse fibroblast cells using Lipofectamine 2000 (Invitrogen). Seventy two hours after transfection, cells were subjected to further analyses.
RNA Isolation, mRNA Expression Analysis, and Luciferase Reporter Assay-Total RNA was isolated with TRIzol reagent (Invitrogen). mRNA levels of various genes were determined by quantitative real time PCR (qRT-PCR) and quantified by using the ⌬⌬CT method; Hprt expression was used as an internal control as described previously (24) . SRE promoter activity was assessed by a luciferase reporter assay. The 4ϫSRE tandem repeat region was amplified by the Hmgcs-specific primers using DNA isolated from mouse liver. The resultant fragment was inserted into a pGL4 basic vector (Promega). The sequence was verified. On day 0, cells were plated into 24-well plates and grown for 24 h in medium A. On day 1, the reporter luciferase plasmid (1 g) and the phRL-TK (Promega) encoding Renilla luciferase (for normalization; 30 ng) were transfected with the indicated siRNA by using Lipofectamine 2000 (Invitrogen). Cells were then incubated in medium D for 2 days. On day 3, the cells were lysed, and the luciferase activity was measured by the Dual-Luciferase Reporter Assay System (Promega).
Lipid Analyses and Visualization-To estimate cell surface cholesterol levels, cells were incubated either with 4% 2-hydroxypropyl-␤-cyclodextrin for 10 min at 37°C (25) or with 3 mM MCD for 5 min at 37°C (26) . Afterward, cholesterol contents in medium were determined as described (16) . Alternatively, cell surface cholesterol in living cells was visualized by using mCherry-fused domain 4 of perfringolysin O (also known as -toxin) (27) (mCherry-D4), which specifically binds to the cholesterol-rich membrane domain. mCherry-D4 was prepared as described (27) except enhanced GFP was replaced by mCherry. Cells cultured on glass-bottom dishes in medium A for 2 days were washed with phenol red-free DF. Cells were then incubated with mCherry-D4 (16 g/ml) in phenol red-free DF at room temperature for 10 min. After several washes with phenol red-free DF, cell were further incubated in phenol redfree DF at room temperature. Cell images were acquired within 15 min without fixation by using a Zeiss LSM 700 confocal microscope equipped with PLAN-NEOFLUAR ϫ20 (0.5 NA) objective (Zeiss). Images were then processed with LSM 700 software Zen (Zeiss) and ImageJ software. Cell surface GM1 levels were examined by flow cytometry. Cells were detached by trypsin and incubated with 1 g/ml biotin-conjugated cholera toxin B subunit (biotin-CTxB) (List Biological Laboratories) for 60 min at 4°C. After washing cells with ice-cold PBS, they were incubated with FITC-conjugated avidin for 60 min and washed extensively, followed by fluorescence measurement using a FACSCalibur (BD Biosciences). Gated 10,000 cells were analyzed for each sample, and mean fluorescence intensity was determined. Total cholesterol, free cholesterol, and choline-PLs were measured by colorimetric enzymatic assay systems as described (16) . Cholesteryl ester (CE) was determined by subtracting free cholesterol from total cholesterol.
Immunofluorescence Microscopy-Cells were seeded on glass coverslips in 6-well plates and grown for 2 days in medium A. After incubation of the cells in medium F overnight, they were fixed with 4% paraformaldehyde for 10 min and blocked with 5% FBS in PBS for 1 h. Specimens were incubated with biotinconjugated CTxB (1 g/ml) and anti-caveolin-1 antibody or with biotin-conjugated CTxB (1 g/ml) and anti-flotillin-1 antibody for 1 h at room temperature. Specimens were then stained with FITC-conjugated avidin (for biotin-CTxB detection) and Alexa Fluor 555-conjugated anti-rabbit IgG antibody (for caveolin-1) or with Alexa Fluor 555-conjugated anti-mouse IgG antibody (for flotillin-1), respectively. The nuclei were stained with Hoechst 33342. After extensive washes, they were mounted with ProLong Gold Antifade Reagent (Invitrogen). Cell images were acquired by using a confocal laser microscopy FV500 (Olympus) or FV10i (Olympus). Images were processed by a Fluoview software (Olympus).
CTxB Internalization-To analyze internalization of CTxB, cells were seeded into glass-bottom 35-mm dishes at a density of 1 ϫ 10 5 cells/well and grown for 2-3 days. The cells were then washed twice with ice-cold medium F and incubated with 2 g/ml Alexa Fluor 555-CTxB (Molecular Probe) either at 4 or 37°C for the indicated times. The cells incubated at 37°C were washed three times for 30 s with 0.5 M glycine, pH 2.2, to remove cell surface Alexa Fluor 555-CTxB (28) . Cells were then fixed with 4% paraformaldehyde, and nuclei were stained with Hoechst 33342. After extensive washing with PBS, images were acquired by using a confocal laser microscope FV10i (Olympus). Cellular mean fluorescence intensity was analyzed by MetaMorph software (Molecular Devices).
Electron Microscopy-Cells were seeded on glass coverslips and grown for 1 day in medium A. After incubation in medium F for 18 h, they were fixed with 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, added with 1 mM CaCl 2 for 2 h. After rinses, samples were postfixed with 1% osmium tetroxide and 0.1% potassium ferrocyanide in the same buffer, dehydrated in ethanol series, and embedded in Quetol 812. Ultrathin sections cut perpendicular to the substrate were stained with lead citrate and observed under a JEM-1011 electron microscope (JEOL).
Statistical Analysis-Data are presented as means Ϯ S.D. or S.E. as indicated in the figure legends. Statistical analyses of results were performed using the two-tailed, unpaired Student's t test, using Mann-Whitney U test or using one-way ANOVA followed by Tukey-Kramer post hoc test for multiple comparisons.
Results

ABCA1 Deficiency Leads to Hyperactivation of SREBP-2
Pathway-We hypothesize that ABCA1 may have an additional role in cholesterol homeostasis that does not require extracellular cholesterol acceptors. To test this possibility, we incubated Abca1 ϩ/ϩ (wild type, WT) and Abca1 Ϫ/Ϫ MEFs in serum-free medium (medium F), which does not contain any extracellular cholesterol acceptors. Lipid analysis of these cells showed that lack of ABCA1 caused a substantial increase of free (unesterified) cholesterol in cells ( Fig. 1A) . In contrast, the CE contents in these two cell types did not differ significantly (1.5 Ϯ 0.9 g/mg cell protein in WT MEFs; n ϭ 8, and 2.0 Ϯ 0.6 g/mg cell protein in Abca1 Ϫ/Ϫ MEFs; n ϭ 10, means Ϯ S.D.; p ϭ 0.167). As a control experiment, we determined cholesterol release to serum-free medium, after cells were labeled with [ 3 H]cholesterol and its distribution in cells reached steady state. The result of this experiment showed that in both WT and Abca1 Ϫ/Ϫ cells, cholesterol release to serum-free medium in 6 h was at a minimal level (0.85 Ϯ 0.02 and 0.93 Ϯ 0.11%, respectively). Together, these results suggest that ABCA1 may play an undisclosed role in cellular cholesterol homeostasis, independent of extracellular sterol acceptors. Additional results showed that despite an increase in cellular cholesterol content, cleavages of both SREBP-1 and -2, which are known to be sensitive to feedback inhibition by cholesterol (29) , were activated in Abca1 Ϫ/Ϫ MEFs (Fig. 1B) . Consistent with this finding, mRNA levels of various cholesterol biosynthetic enzymes were elevated in both cholesterol-rich (medium A) and cholesterolpoor (medium D) conditions in Abca1 Ϫ/Ϫ cells (Fig. 1C ). Additionally, the sterol biosynthesis rate was also increased in these cells ( Fig. 1D ). Mechanistic target of rapamycin complex 1 FIGURE 1. ABCA1 deficiency causes elevated SREBP-2 pathway. A, cellular free cholesterol contents. On day 0, WT and Abca1 Ϫ/Ϫ (KO) MEFs were seeded and grown in medium A (medium containing FBS). On day 3, cells were switched to medium F (serum-free medium) and incubated for 1 day. †, p ϭ 0.00001 (n ϭ 8 for WT, n ϭ 10 for KO). B, SREBP processing. MEFs were set up as in A. On day 2, cells were replaced with medium A (medium with FBS) or D (medium with delipidated-serum) and incubated for 2 days. SREBP-1, SREBP-2, and HMGR expression was examined by immunoblot. (mTORC1) signaling has been implicated in SREBP regulation (30) . We tested the possibility that altered mTORC1 signaling activity might occur in Abca1 Ϫ/Ϫ MEFs, but we did not observe a difference in phosphorylation of the two mTOR substrates p70-S6K1 and 4E-BP1 (Fig. 1E ). The results of an additional control experiment showed that when 25-hydroxycholesterol (25HC), a membrane-permeable regulatory oxysterol that enters the cell interior rapidly, was added to the growth medium, it caused efficient down-regulation of various SREBP-2 response genes in both WT and Abca1 Ϫ/Ϫ MEFs, demonstrating that the ER sterol-sensing machinery in the Abca1 Ϫ/Ϫ cells is not impaired (Fig. 1C) . These data suggest that ABCA1 deficiency decreases the ER cholesterol levels despite a substantial increase in total cellular cholesterol. We noted that a significant increase in cholesterol content occurred in Abca1 Ϫ/Ϫ cells; this result could in part be due to the consequence of a significant increase in cholesterol synthesis in these cells ( Fig. 1D ).
To validate these results, we silenced ABCA1 expression in a mouse fibroblast cell line BALB/3T3 using siRNA ( Fig. 2A) . The result showed that knockdown of ABCA1 markedly increased the expression of various SREBP target genes ( Fig. 2B ) and the SRE promoter activity (Fig. 2C ). ABCA1 knockdown in BALB/ 3T3 cells also led to a significant increase in unesterified cholesterol content (Fig. 2D ). Together, these results demonstrate a crucial role of ABCA1 in the regulation of the SREBP-2 pathway.
ABCA1 (Fig. 3A) , which supports the notion that under this condition the ER cholesterol level is reduced in Abca1 Ϫ/Ϫ MEFs. The majority of cellular cholesterol is located at the PM. Partial defects in PM-to-ER cholesterol transport are known to increase cholesterol synthesis (31) . To directly explore whether aberrant activation of the SREBP-2 pathway in Abca1 Ϫ/Ϫ cells is due to impaired sterol delivery to the ER, we assessed PM-to-ER sterol movement by using multiple intracellular sterol trafficking assays. We pulse-labeled the WT and Abca1 Ϫ/Ϫ cells with trace amounts of [ 3 H]cholesterol (with high specific radioactivity but without unlabeled cholesterol as carrier, to prevent minimal membrane disturbance), and we monitored its esterification by the ER resident enzyme ACAT1 at the ER. In WT MEFs, about 3.5% of the cellular surface [ 3 H]cholesterol was esterified within 3 h (Fig. 3B ). In contrast, this esterification was substantially attenuated in Abca1 Ϫ/Ϫ MEFs. Despite the differences in esterification efficiency, ACAT1 protein levels were found to be the same between the two cells ( Fig. 3C ). Treatment of cells with sphingomyelinase (SMase) causes hydrolysis of PM sphingomyelin and acceler- ates cholesterol movement from the PM to the ER (32) . We utilized this method to further examine retrograde cholesterol transport. In WT MEFs, adding exogenous SMase enhanced esterification of PM-derived cholesterol 3.5-fold. In contrast, in Abca1 Ϫ/Ϫ MEFs, the SMase-enhanced esterification was reduced by ϳ50% of values found in treated WT cells (Fig. 3D) . A previous work showed that the SMase treatment increases the PM cholesterol pool available for ABCA1-dependent cholesterol efflux to apoA-I (33) . The results presented in Fig. 3D show that the SMase treatment also increases the PM cholesterol pool, which is available for ABCA1-dependent inward movement of cholesterol. Similar to SMase, 25HC is also known to facilitate PM-to-ER cholesterol transport, in part by altering PM composition (34) . However, the action of 25HC on cholesterol esterification in intact cells may be complicated because, in addition to its ability to mobilize cholesterol from the PM, it may disrupt composition of internal membranes; 25HC can also serve as an allosteric activator for ACAT1, when cholesterol is used as the ACAT1 substrate (35) . To serve as a control experiment for the SMase treatment, we assessed the effect of 25HC on esterification of PM cholesterol in WT and Abca1 Ϫ/Ϫ MEFs. The result showed that when used at 1 M, 25HC failed to significantly affect the esterification of PM cholesterol in either WT or Abca1 Ϫ/Ϫ MEFs; at a very high concentration (10 M), 25HC caused a modest increase in esterification; the increase occurred more in the Abca1 Ϫ/Ϫ cells than in the WT cells (Fig. 3E ). In the presence of 10 M 25HC, retardation in the esterification of PM cholesterol was observed in Abca1 Ϫ/Ϫ cells. These results implicate the 25HC-dependent activation of cholesterol esterification is not a sensitive assay to monitor the cholesterol movement from the PM to the ER in intact cells.
We next looked at whether retrograde movement of biosynthetic precursor sterols was also retarded in Abca1 Ϫ/Ϫ cells. Lanosterol, the first sterol synthesized in the cholesterol biosynthetic pathway, is immediately transported to the PM upon its synthesis at the ER. After arriving at the PM, it is rapidly transported back to and converted to cholesterol at the ER (8), where the enzymes involved in the conversion of lanosterol to cholesterol are located. One of the key enzymes involved in converting lanosterol to cholesterol is CYP51 (lanosterol 14demethylase); CYP51 is transcriptionally up-regulated by SREBP-2; in our cell system, Cyp51 gene expression is higher in Abca1 Ϫ/Ϫ MEFs than in WT MEFs (Fig. 1C ). If the retrograde movement of lanosterol was normal in Abca1 Ϫ/Ϫ MEFs, one would predict a more rapid conversion of lanosterol to cholesterol in Abca1 Ϫ/Ϫ MEFs. We monitored the conversion of [ 3 H]lanosterol biosynthesized de novo to [ 3 H]cholesterol, and we found that in contrast, the rate of conversion of lanosterol to cholesterol is clearly impaired in Abca1 Ϫ/Ϫ MEFs (Fig. 4A ). As an additional approach, the same assay was used to monitor the conversion of [ 3 H]lanosterol added directly to the growth medium of cells (without adding unlabeled lanosterol as carrier). The results showed that the conversion of [ 3 H]lanosterol to [ 3 H]cholesterol was also markedly retarded in Abca1 Ϫ/Ϫ MEFs (Fig. 4B) . Together, these results demonstrated an important role of ABCA1 in the PM-to-ER transport of both cholesterol and lanosterol. A previous study suggested that ABCB1 (also known as multidrug-resistant protein or P-glycoprotein) might be involved in the retrograde movement of precursor sterols (36) . Verapamil inhibits ABCB1 but not ABCA1 (37) . We found that verapamil only partially inhibited the conversion of lanosterol to cholesterol in both WT and Abca1 Ϫ/Ϫ cells and that ABCA1 deficiency caused a much more significant retardation in the conversion than verapamil did (Fig. 4C) , indicating that ABCA1 plays the predominant role in retrograde lanosterol transport.
We next tested whether ABCA1 is involved in the retrograde movement of LDL-Chol. Cells were incubated with [ 3 H]cholesteryl oleate-containing LDL at 18°C for 4 h and then chased with the label at 37°C. At the indicated chase time, cells were briefly incubated with the soluble cholesterol acceptor MCD. As expected, uptake of [ 3 H]cholesteryl oleate-labeled LDL was significantly increased in Abca1 Ϫ/Ϫ cells (Fig. 5A) . After a 30-min chase, the MCD extractable counts (considered as [ 3 H]cholesterol associated with the PM) were the same in these two cell types (Fig. 5B ). However, after 2 h of chase, the MCD extractable counts decreased much less in Abca1 Ϫ/Ϫ MEFs than in WT MEFs, indicating that the disappearance of PM-arrived [ 3 H]cholesterol from the PM to cell interior is slower in Abca1 Ϫ/Ϫ cells. A control experiment showed that the hydrolysis of LDL-derived [ 3 H]cholesteryl oleate was the same between these two cell types (Fig. 5C ). Consequently, an increase in [ 14 C]oleate incorporation into CE upon LDL addition was markedly attenuated in Abca1 Ϫ/Ϫ cells (Fig. 5D ). Together, these results indicate that although the transport of LDL-Chol to the PM is not impaired in Abca1 Ϫ/Ϫ cells, its delivery from the PM to the ER is. The results described in Figs. 3-5 show that, in addition to mediating lipid efflux, ABCA1 expresses influx-like activity for sterols located at the PM.
ABCA1 Deficiency Impairs Sterol Sensing at the ER-Both cholesterol and lanosterol are biologically important regulatory sterols; but they differ in mode of action. Lanosterol is first converted to dihydrolanosterol by the enzyme 3␤-hydroxysterol ⌬24-reductase located at the ER; dihydrolanosterol enhances ubiquitination of HMGR, causing HMGR to be rapidly degraded (38, 39) . Instead, cholesterol interacts with Scap and inhibits the ER exit of the precursor form of SREBP-2 and subsequently its proteolytic cleavage, thus preventing it from acting as an active transcription factor (1). In Abca1 Ϫ/Ϫ MEFs, the impaired retrograde transport of the two regulatory sterols may lead to a sluggish response to regulatory sterols at the ER. To test this possibility, we first showed that in WT CHO cells, SMase treatment caused a rapid reduction in the mature form of SREBP-2, as reported previously (40), but not in a mutant CHO cell line 25RA that is resistant to cholesterol-dependent regulation due to a mutation (D443N) within the sterol-sensing domain of Scap ( Fig. 6A) (41, 42) . These results demonstrate the specificity of the SMase assay to assess cholesterol sensing at the ER. We next showed that in cells maintained without sterol acceptors, SMase treatment resulted in an efficient reduction of SREBP-2 cleavage in WT MEFs; in contrast, in Abca1 Ϫ/Ϫ MEFs, the cleavage of SREBP-2 was highly resistant to the SMase treatment ( Fig. 6B) . As a control experiment, we treated these cells with various concentrations of 25HC and examined SREBP-2 processing. As expected, 25HC suppressed SREBP-2 cleavage in both cell types at various concentrations (from 1 to 10 M) ( Fig. 6C) , indicating that the impaired cholesterol delivery to the ER is a major cause of the resistance to the SMase treatment observed in Abca1 Ϫ/Ϫ cells. To test whether ABCA1 (n ϭ 2) . B, SREBP-2 cleavage in response to SMase treatment in WT and KO MEFs. Cells were seeded as described in Fig. 1 . On day 2, cells were switched to medium D for 2 days. Cells were then treated with the indicated concentration of SMase for 2 h in medium F. Whole cell lysates were subjected to immunoblot analysis with the indicated antibodies. Relative changes (R.C.) in mature form/␤-actin ratio are indicated at the bottom (n ϭ 2). C, SREBP-2 cleavage in response to 25HC treatment in WT and KO MEFs. MEFs set up as above were treated without or with 1, 5, or 10 M 25HC for 2 h. Whole cell lysates were subjected to immunoblot analysis with the indicated antibodies. Relative changes (R.C.) in mature form/␤-actin ratio are indicated at the bottom. D and E, half-lives of HMGR in WT and KO MEFs. MEFs were set up as described in B. Cells were then treated with cycloheximide (CHX) (20 g/ml) for various times as indicated. Afterward, whole cell lysates were subjected to immunoblot analysis with antibodies as indicated. Transferrin receptor (TfR) and ␤-actin were used as controls. A representative result was shown (C). The results of three experiments were plotted (D). Data represent means Ϯ S.D. #, p ϭ 0.0017; †, p Ͻ 0.0001 by Student's t test.
also plays important roles in delivering lanosterol as a regulatory sterol, we monitored the turnover rates of HMGR in the WT and Abca1 Ϫ/Ϫ MEFs, by treating these cells with cycloheximide, an inhibitor of protein synthesis. The results showed that the apparent half-life of HMGR in the WT cells was ϳ1 h (Fig.  6, D and E) , similar to the value reported previously (43) . In contrast, its half-life was markedly prolonged to more than 4 h in Abca1 Ϫ/Ϫ cells. These results show that ABCA1 mediates sterol sensing at the ER.
Intrinsic ATPase Activity of ABCA1 Is Required to Facilitate Retrograde Cholesterol Transport-ABCA1 possesses intrinsic ATPase activity, which is essential for its role in lipid efflux (44) . We sought to determine whether this activity is also required for the ABCA1-dependent retrograde sterol movement. We used cells that express WT ABCA1 or mutant ABCA1 (ABCA1-MM) lacking ATPase activity by replacement of the two lysine residues (Lys-939 and Lys-1952) crucial for ATP hydrolysis by methionine (45) , under the control of mifepristone (Fig. 7A) . The results showed that, in the absence of mifepristone, neither WT-ABCA1 nor ABCA1-MM cells exported cholesterol to apoA-I (Fig. 7B) . When mifepristone was added to the medium, only cells expressing WT-ABCA1 but not cells expressing ABCA1-MM exported cholesterol and PL to apoA-I (Fig. 7, B and C) . We next used the same cell systems to perform the retrograde cholesterol transport assay. Cells were treated with or without mifepristone for 18 h and then were labeled with [ 3 H]cholesterol. The arrival of [ 3 H]cholesterol at the ER was monitored by measuring the amount of [ 3 H]CE formed. The results showed that WT-ABCA1 markedly increased PMto-ER cholesterol transport but ABCA1-MM did not exhibit an increase (Fig. 7D) . These results indicate that the ATPase activity intrinsically associated with ABCA1 is required to facilitate retrograde cholesterol transport.
ABCA1 Deficiency Alters PM Composition-To explain how ABCA1 acts to control retrograde sterol movement at the PM, we examined possible changes in PM caused by lack of ABCA1. We found that in live cells, PM from Abca1 Ϫ/Ϫ MEFs contained elevated levels of cholesterol as probed by using 2-hydroxypropyl-␤-cyclodextrin-or MCD-mediated removal of cell surface cholesterol (Fig. 8, A and B) . Similarly, an increase of PM cholesterol in Abca1 Ϫ/Ϫ cells was observed (Fig. 8C) when cell surface cholesterol was assessed by using mCherry-D4, a nontoxic, cholesterol-binding domain of perfringolysin O that recognizes cholesterol-rich membrane domains but has no pore-forming activity (27) . We also found an increase in cell surface ganglioside GM1, as detected by using the specific GM1 probe CTxB, in Abca1 Ϫ/Ϫ MEFs (Fig. 8D ). Cholesterol content in detergentresistant membrane (DRM, fraction 2) domains, where caveolin-1 (Cav1) and flotillin-1 were enriched, was markedly increased in Abca1 Ϫ/Ϫ cells (Fig. 8, E and F) . In addition to DRM, however, a modest increase of cholesterol content in non-DRM (fractions 4 -8) was also observed in Abca1 Ϫ/Ϫ cells, suggesting an overall increase in PM cholesterol. Furthermore, Cav1 expression was increased (Fig. 9A) , and the cell surface colocalization between Cav1 and GM1 was more frequent in Abca1 Ϫ/Ϫ MEFs (Fig. 9B) . The difference in flotillin-1 expression between the two cell types was less significant (Fig. 9A) . Cav1, cholesterol, and ganglioside are essential components to form caveolae (46) . We looked for possible changes in caveolae in Abca1 Ϫ/Ϫ cells and found that the number of cell surfaceassociated caveolae is increased in Abca1 Ϫ/Ϫ cells (Fig. 9C) . Overall, our results suggest that ABCA1 regulates membrane composition at the PM. This interpretation is in agreement with previous observations made in macrophages (11, 47) .
ABCA1 Is Involved in Certain Clathrin-independent Endocytoses-Changes in PM composition are expected to affect PM functionality. Endocytosis is a cellular process that internalizes extracellular and membrane-associated molecules into the cell interior and requires dynamic membrane reorganization. Endocytosis is largely categorized into two pathways as follows: clathrin-dependent and clathrin-independent. Clathrin-independent endocytosis (CIE) plays an important role in internalization of proteins and lipid molecules located to lipid rafts. It has been reported that Cav1 acts as a negative regulator of CIE (28, 48) . We asked whether ABCA1 deficiency alters CIE, and we tested this possibility by assessing internalization of CTxB, an established marker of CIE (49) . Our results showed that when compared with WT cells, CTxB internalization was significantly retarded in Abca1 Ϫ/Ϫ MEFs, despite significant increases in cell surface binding of CTxB in these cells (Fig. 10,  A and B, see also Fig. 8D ). The decrease in CTxB internalization in Abca1 Ϫ/Ϫ cells was observed as early as 10 min after incubation with CTxB (Fig. 10, C and D) . These results show that ABCA1 deficiency causes a reduction in a certain CIE activity that internalizes CTxB.
CIE Inhibitors and Dynamin Inhibitors Abolish Retrograde Cholesterol Movement-Next, we used various small molecule inhibitors to further test whether the CIE activity is involved in PM-to-ER cholesterol transport. First, we performed pulse labeling of cells with [ 3 H]cholesterol and chased the cells without or with chlorpromazine, a clathrin-mediated endocytosis (CME) inhibitor, or with genistein and nystatin, the CIE inhibitors. Genistein and nystatin are known to block cholesteroldependent endocytic internalization such as caveolar endocytosis, without affecting CME (50) . The result showed that genistein and nystatin significantly suppressed the delivery of [ 3 H]cholesterol to the ER (Fig. 11A) , whereas chlorpromazine only had little effect, suggesting that CIE but not CME may play a major role in delivering PM cholesterol to the ER. This result is consistent with our previous work reporting that genistein or nystatin suppressed PM-to-ER transport of precursor sterols (8) . It is also important to point out that LDLR-mediated LDL uptake, which requires CME, was not impaired in Abca1 Ϫ/Ϫ MEFs (Fig. 5A) , indicating that CME is not disrupted in Abca1 Ϫ/Ϫ cells. The CIE activity can mainly be classified into two categories based on its dependence on dynamin, a GTPase that plays a key role in scission of endocytic vesicles from the PM (51) . CTxB is internalized by a CIE pathway that requires dynamin and endophilin (49) . To test whether dynamin is involved in retrograde cholesterol transport, we used two structurally distinct specific dynamin inhibitors, dynasore (52) and dynole 34-2 (53), with dynole 34-2 being more potent than dynasore. The results showed that both dynole 34-2 and dyna-sore markedly retarded PM-to-ER cholesterol transport within 1 h of treatment in both CHO cells and WT MEFs (Fig. 11, B and C). The results of a control experiment showed that dynole 31-2, an inactive analog of dynole 34-2, only slightly affected retrograde cholesterol transport. Additional results showed that dynole 34-2, but not its inactive analog, rapidly activated SREBP-2 processing and up-regulated HMGR expression in CHO cells (Fig. 11 , D and E) and WT MEFs (Fig. 11F) . To further test the potential role of dynamin in ER sterol sensing, we examined the effect of dynole 34-2 in the mutant CHO cell line 25RA that expresses sterol-resistant Scap D443 (41, 42) , and we showed that the dynamin inhibitor had no effect on SREBP-2 processing in this mutant cell (Fig. 11, G and H) . Together, these results are consistent with the interpretation that a dynamin-mediated endocytic pathway may play a key role in the delivery of PM cholesterol to the ER for sterol sensing.
Discussion
Our current work reveals a new function of ABCA1; in addition to the well established role in mediating cellular cholesterol release, it plays a crucial role in the retrograde movements of both biosynthesized sterols and LDL-Chol arriving at the PM, to be sensed by regulatory enzymes/proteins located at the ER. We propose a model to depict how ABCA1 acts at the PM to regulate cellular cholesterol homeostasis (Fig. 12A) ; the increase in cellular cholesterol induces ABCA1 gene expression by the liver X receptor-mediated mechanism (54) . Elevated ABCA1 expression leads to the increase in sterol release from the PM and also leads to the increase in retrograde sterol movement from the PM. The retrograde sterol movement results in an increase in cholesterol esterification and decreases in LDL uptake and sterol synthesis by inhibiting SREBP-2 processing. The net effect of induced ABCA1 expression is to reduce toxic accumulation of free cholesterol in cells. Through its ability to facilitate bidirectional sterol flux at the PM, ABCA1 participates in controlling cholesterol homeostasis.
How does ABCA1 participate in both cholesterol efflux and retrograde sterol transport? Most ATP-binding cassette transporters act as substrate exporters (55) , and only a few of them show substrate influx activity (56, 57) . ABCA1, as reported here, is the first ATP-binding cassette transporter to be shown to mediate substrate flux bidirectionally. It has previously been shown that overexpression of ABCA1 in cells alters lipid packing at PM (58, 59) and creates outward membrane curvatures where apoA-I binds (7) . Here we show that in the absence of sterol acceptors, ABCA1 deficiency causes cholesterol accumulation at the PM. Cholesterol forms stoichiometric complexes with PLs, including SM at the PM; the cholesterol pool that exceeds the binding capacity of PLs can be described as "active cholesterol" (60, 61) . Based on the active cholesterol hypothesis, ABCA1 may act by producing local lipid packing deformations at the PM, which in turn generates more active cholesterol. The active cholesterol at the membrane deformation sites created by ABCA1 may serve as a source for sterol release for apoA-I-mediated HDL biogenesis or may undergo retrograde movement to exert regulatory actions at the ER (Fig. 12B ). "Activation" of cholesterol can therefore be considered as local destabilization of PM. Depletion of SM by SMase also generates more active cholesterol to become readily accessible for sterol sensing at the ER (32, 40) and for ABCA1-dependent efflux out of cells (33) . A recent proteoliposome study showed that ABCA1 directly exports select PLs, including phosphatidylcholine, phosphatidylserine, and SM, across the membrane and suggested that cholesterol efflux occurs in an indirect manner (62) . Through its PL floppase activity, ABCA1 may change PL composition in the PM, which causes alterations in membranecholesterol interaction and cholesterol activation threshold; these changes lead to an increase in the availability of cholesterol in membranes (63) . Consistent with this view, a study with a mammalian cell mutant suggested that altered PL composition at the PM affects PM-to-ER cholesterol transport (31) . Thus, it is conceivable that in the absence of ABCA1, reduced PL movement within the PM leads to stabilization of cholesterol-membrane complexes, causing a decrease in cholesterol movement at the PM. Caveolae are highly stable, immobile membrane domains, and they may serve as cholesterol storage sites at the PM (46) . Consistent with this view, we found that ABCA1 deficiency causes increases in Cav1 expression and in caveola number, in addition to increases in PM cholesterol. Cholesterol associated with caveolae may not be capable of act- ing as active cholesterol. In this study, by assessing CTxB internalization and retrograde cholesterol transport, we show that a certain endocytic activity, likely CIE, becomes defective in ABCA1-deficient cells. We designate this endocytic pathway as ABCA1-regulated, clathrin-independent endocytosis (ACIE). We also showed that this pathway is probably dynamin-dependent. Caveolar endocytosis is known to be a dynamin-mediated CIE process; this process internalizes PM glycosphingolipids (50, 64) . We speculate that the caveolar endocytosis pathway may play an important role in internalization of PM cholesterol in a dynamin-dependent manner, and this pathway may be controlled by ABCA1. Further studies are required to determine the functional significance and molecular nature of ACIE. Endocytic internalization involves recognition of membrane deformation sites by membrane curvature-sensing proteins, which is a key endocytic process (51, 65) . Endophilin was recently identified as a membrane curvature-sensing protein for dynamin-mediated CIE (49, 66) . Interestingly, intracellular curvature-sensing proteins and extracellular apolipoproteins (lipid acceptors) such as apoA-I share a similar structural feature, namely amphipathic ␣-helices. As such, certain membrane curvature-sensing proteins may be involved in ABCA1-mediated retrograde sterol transport. In addition to its effect on ACIE, ABCA1 deficiency may also affect nonvesicular retrograde sterol transport in a certain manner.
Several lines of clinical and experimental observations in TD patients and Abca1 Ϫ/Ϫ mice (10 -13) are not fully explained by assuming that ABCA1 functions only in sterol release. Our current findings provide a plausible mechanism to explain these paradoxical observations. ABCA1 deficiency causes abnormal cholesterol accumulation at the PM and a deficiency in the delivery of regulatory sterols to the ER. Abnormalities at the PM disrupt PM function, including ACIE, whereas the lack of regulatory sterols at the ER causes enhanced SREBP cleavage. It is therefore conceivable that in local tissues and in macrophages, the enhanced SREBP cleavage leads to elevated LDLR expression and higher cholesterol biosynthesis, which accelerates tissue cholesterol deposition, despite concomitant plasma LDL reduction. In addition to TD, HDL levels are often associated with rare mutant alleles in the ABCA1 gene (67, 68) . Patients with low HDL have a higher risk of coronary heart disease (68, 69) . The bidirectional sterol movement driven by ABCA1 demonstrated in this work may provide a plausible explanation for the higher risk of coronary heart disease observed in patients with low HDL due to mutations in the ABCA1 gene; in addition to a defect in cholesterol efflux, the defect in ACIE described here could accelerate cholesterol accumulation in macrophages and in local tissues, causing premature atherosclerosis in the patients.
In summary, we have shown that ABCA1 affects cellular sterol influx; lack of ABCA1 diminishes sterol influx and disrupts sterol sensing at the ER. We also showed that ABCA1 is involved in CIE. To our knowledge, we are the first to report that lack of ABCA1 diminishes both sterol influx and CIE. We provided additional evidence to suggest that dynamin-mediated endocytosis may be involved in the retrograde sterol movement from the PM. At this point, we do not know whether the effect of ABCA1 on sterol influx and on CIE is direct or indirect. It is conceivable that ABCA1 mainly acts by fine-tuning the lipid composition at the PM, which in turn affects cellular lipid efflux, cellular lipid influx, as well as CIE. Future investigations are needed to test this interpretation. Model to describe the roles of ABCA1 in cholesterol homeostasis. A, ABCA1 participates in bidirectional sterol movement at the PM to prevent excess cholesterol accumulation in cells. See text for more detail. B, newly synthesized sterols (lanosterol, cholesterol, etc.) are rapidly transported from the ER to the PM (green line). LDL-Chol exiting the LE moves to the PM or to the ER. In the presence of ABCA1, the ABCA1-regulated, clathrin-independent (ACIE) pathway delivers cholesterol from the PM to the ER (red line) as a major trafficking route, or it releases cholesterol to apoA-I (red line). However, in the absence of ABCA1, such retrograde sterol transport pathway and sterol efflux are reduced or defective, causing cholesterol to be accumulated at the PM and ER sterol sensing to be disrupted. See text for more details. AL, acid lipase; DHL, dihydrolanosterol; EE, early endosome; LAN, lanosterol; LE, late endosome; LY, lysosome; Ub, ubiquitin.
